Heparan sulphate (HS) is a ubiquitous constituent of the extracellular matrix that is required for the biological activity of circulating soluble and insoluble extracellular ligands. GLCE (D-glucuronyl C5-epimerase), an enzyme responsible for the epimerization of D-glucuronic acid into L-iduronic acid of HS, endows the nascent polysaccharide chain with the ability to bind to growth factors and cytokines. In order to examine the mechanism of regulation of GLCE expression, the functional organization of the human GLCE gene promoter has been investigated. Studies utilizing stepwise deleted and site-directed mutagenized promoter constructs have shed light on the functional relevance of two cis-acting binding elements for the β-catenin-TCF4 complex (where TCF4 stands for T-cell factor 4) that are located in the enhancer region of the promoter. The ability of the putative binding sequences to bind the β-catenin-TCF4 complex has been confirmed through electrophoretic mobility-shift and supershift analyses. We have found that, in a set of human colon carcinoma cell lines, the expression of GLCE correlates with the degree of activation of the β-catenin-TCF4 transactivation complex. Furthermore, the ectopic expression of β-catenin-TCF4 in cells that constitutively express low levels of the transactivation complex produces a significant increase of GLCE transcript level and, at the same time, enhances the rate of D-glucuronic acid epimerization in HS. The data obtained are consistent with the idea that the β-catenin-TCF4 transactivation pathway plays a major role in modulating GLCE expression, thus contributing to the regulation of HS biosynthesis and its structural organization.
INTRODUCTION
Heparan sulphate (HS) is a negatively charged polysaccharide present at the cell surface and is required for the biological activity of circulating soluble and insoluble extracellular ligands [1] . HS is required for efficient signalling through the FGF (fibroblast growth factor), the Wnt, the BMP (bone morphogenetic protein) and the Hedgehog pathways, which all play key roles during embryonic development and in the etiology of major diseases [2, 3] . The biological activity of HS is dependent on the degree of sulphation and conformational freedom of the polysaccharide chain. HS is synthesized through a series of steps whose regulation is still poorly understood [4] . A key modification of the nascent polysaccharide chain is carried out in the Golgi system by the GLCE (D-glucuronyl C5-epimerase) enzyme, which converts GlcA (glucuronic acid) into IdoA (iduronic acid). GlcA epimerization releases the conformational constraints of the polysaccharide chain, allowing the access of ligands to specific regions of HS [5] [6] [7] . IdoA residues are more frequently 2-O-sulphated than GlcA residues, resulting in the appearance of clustered, highly charged domains along the glycosaminoglycan chain [8] . IdoA content may also affect the rate of HS degradation by the action of heparanase-like enzymes [9] . Transgenic mice lacking GLCE are not viable, corroborating the idea that the enzyme introduces a key modification in the HS structure that is necessary for its biological activity [10] . In order to elucidate how the expression of the epimerase is regulated, in the present study, we have cloned and functionally characterized the human GLCE gene promoter. The results show that two β-catenin-TCF4 cis-acting elements (where TCF4 stands for T-cell factor 4), located approx.
1.3 kb upstream of the translation start site, are functionally relevant in modulating the gene expression. We furthermore demonstrate that GLCE expression and its enzymatic activity are enhanced when the β-catenin-TCF4 complex is overexpressed in colon carcinoma cells. The findings support the conclusion that a key step of HS biosynthesis is under the control of the Wnt/ APC (adenomatous polyposis coli protein)/β-catenin axis, an oncogenic pathway that is dysregulated in a large proportion of human epithelial tumours such as colon carcinomas [11] .
EXPERIMENTAL

Cloning of the human GLCE promoter
RNA obtained from HSF, HeLa and HCT116 cells was used to identify the gene transcriptional start sites through 5 -primer extension experiments. For this purpose, an oligonucleotide of the sequence 5 -GAAGGAGACAGCAGAGAAGGGGTGGCT-3 , complementary to a region flanking the 3 -end of the GLCE putative translational start site, was end-labelled with [γ -32 P]ATP. After purification on a spin column, 10 pmol (∼ 25 000 c.p.m.) of the 32 P-probe was hybridized with 2 µg of total RNA and reverse transcription was initiated by the addition of 20 units of Qiagen Sensiscript. After 30 min of incubation at 37
• C, the extension product was analysed on 6 % (w/v) polyacrylamide/ 8 M urea sequencing gel, and the bands corresponding to the extension products were evidenced by autoradiography. The sequence of the GLCE gene promoter was retrieved from the human genome database using the sequence of the 5 -UTR (5 -untranslated region) as query. The putative gene promoter was amplified using pooled human genomic DNA as the template and primers of the sequences 5 -AGGCAGCTACTAAGGGAAGA-GATGTCAAGCAT-3 and 5 -CTCGGCAAGGAAGCGCTTGT-GTGAGGAGA-3 . The product of expected size 1.9 kb was cloned in pGEM-T vector and sequenced.
Reporter vectors and promoter deletion and mutation constructs
The pGL3-C5:+ 23/− 1893 reporter vector encoding firefly luciferase was generated by standard molecular biology techniques by retrieving the GLCE promoter from the pGEM-T plasmid by KpnI/SalI restriction digestion. pGL3-C5:+ 23/− 1417 and pGL3-C5:+ 23/− 419 were generated by taking advantage of unique BstXI and AgeI sites present in the promoter sequence and by digestion of the vector with KnpI followed by religation of the blunt-ended linearized constructs. pGL3-C5:+ 23/− 1191 was generated by retrieving the BamHI/NcoI insert from pGL3-C5:+ 23/− 1417 followed by ligation at the BglII/NcoI sites of pGL3. MUT-pGL3-C5:+ 23/− 1417 was obtained by mutagenesis of the putative β-catenin-TCF4-binding sites (where TCF4 is T-cell factor 4) of sequences CTTTGTT and TTCAAAG using a Stratagene Quik Change kit and complementary primers of the sequence 5 -GAGATTGGGTGGCTGTGTTCTGTT-CACAGGATGGGCGAG-3 (the mutated sites are underlined) corresponding to the − 1281/− 1319 bp region of the GLCE promoter. For the assay of the reporter activity, cells in 12-well plates were transfected with 1 µg of the firefly luciferasereporter vector and 0.05 µg of phRL-SV40 (where SV40 stands for simian virus 40) encoding the Renilla luciferase to correct for the transfection efficiency. Lipofectamine TM was used as the transfection agent. Where indicated, cells were also co-transfected with 0.1 or 1 µg/ml pcDNA3.0-human β-catenin and 1 µg/ml pHR-human TCF4 expression vectors. A TOP-FLASH vector (kindly provided by Dr B. Vogelstein, Johns Hopkins University, Baltimore, MD, U.S.A.) was utilized to monitor the activity of the β-catenin-TCF4 transactivation complex in different cell lines [12] . Cells were collected 24 h after transfection and the luciferase activity was measured using a dual-luciferase assay kit (Promega, Madison, WI, U.S.A.).
Electrophoretic mobility-shift assay
Nuclear extracts from SW480 cells were prepared by extraction using an NE-PER kit (Pierce). Before use, the nuclear extracts were dialysed at 4
• C overnight against 20 mM Hepes (pH 7.9), 75 mM KCl and 0.1 % Na 2 -EDTA. A double-stranded oligonucleotide of the sequence 5 -TGGCTTTGTTCTGTTCAA-AGGATG-3 corresponding to the − 1287/− 1311 bp regions of the GLCE promoter was 32 P-labelled with T4-polynucleotide kinase [12] and 10 pmol (∼ 15 000 c.p.m.) was incubated with 5 µg of cell nuclear proteins in 20 mM Hepes (pH 7.9) buffer containing 75 mM KCl, 0.1 % Na 2 -EDTA and 0.5 µg of poly(dIdC) · (dI-dC) in a final volume of 50 µl for 120 min at room temperature (25 • C). Binding specificity was assessed by incubation in the presence of 30-fold excess of unlabelled oligonucleotide. For the supershift assay, 0.5 µg of antibody was added to the incubation mixture. DNA-protein hybrids were analysed on a 6 % non-denaturing polyacrylamide gel (acrylamide/bisacrylamide, 39:1) in 25 mM Tris and 200 mM glycine buffer, and the bands were visualized by autoradiography.
Transcript level assay by semiquantitative RT (reverse transcriptase)-PCR
Cellular RNA was extracted in TRI Reagent and 1 µg was reversetranscribed using the Qiagen Sensiscript kit and oligo-dT primers.
First-strand cDNA was quantified by PCR amplification, stopping the reaction after 25 cycles in order to avoid limitation in the reagents availability. The generated GLCE cDNA was quantified by agarose electrophoresis. Gels were photographed and the propidium iodide-stained bands were quantified by densitometric scanning.
Epimerase enzymatic assay
Control and β-catenin-TCF4-transfected cells cultured in 35 mm wells were washed with PBS and collected by scraping using a rubber policeman into 300 µl of ice-cold 0.25 M sucrose and 20 mM Tris/HCl buffer (pH 7.4) supplemented with 100 µM NaF, 2 mM Na 3 VO 4 , 10 mM PMSF, 500 µM 4-(2-aminoethyl)-benzenesulphonyl fluoride, 150 nM aprotinin and 1 µM leupeptin. Cells were lysed by sonication while held on ice using a Bronson sonifier fitted with a microtip and the preparation was stored at − 70
• C until use. Protein concentration was assessed using a bicinchoninic acid-based assay (Pierce). The substrate for the epimerase enzymatic assay consisted of modified bacterial N-acetyl-heparosan prepared essentially as described by Hagner-McWhirter et al. [13] . For this purpose, the bacterial strain O10:K5:H4 (culture Bi 8337-41 of [14] ) was obtained from the Escherichia coli repository at the Pennsylvania State University. For the metabolic radiolabelling of the capsular polysaccharide, the bacteria were grown in 5 ml of Luria-Bertani medium containing 0.5 % glucose at 37
• C overnight. The culture (100 µl) was then added to 15 ml of Luria-Bertani medium without glucose and incubated in the presence of 250 µCi of D- [5- 3 H]glucose (10 Ci/mmol) for 24 h at 37
• C. After centrifugation, the supernatant was combined with 0.75 ml of 1 M sodium acetate buffer (pH 4.0) and the solution was cycled at a flow rate of 1 ml/min through a 1 ml prepacked DEAE-FF column (Amersham Biosciences) equilibrated in 50 mM sodium acetate and 50 mM NaCl (pH 4.0). After 30 min, the column was washed with 10 ml of the same buffer and the bound K5 polysaccharide was eluted using a stepwise NaCl gradient (0.05-1.0 M) in 50 mM sodium acetate buffer (pH 4.0) at a flow rate of 1 ml/min by increasing the NaCl concentration in 0.2 M steps every 5 min. The peak of radioactivity eluting at the 0.40 M NaCl step was pooled and desalted on a Sephadex G25 1 cm × 30 cm column. N-deacetylation of the 3 H-labelled K5 polysaccharide was carried out by treatment with hydrazine/hydrazine sulphate at 96
• C for 5 h. After desalting, the samples were freeze-dried and treated with 0.25 M HIO 3 to eliminate the residual hydrazides. N-sulphation was achieved by treatment with trimethylamine-sulphotrioxide complex (Sigma) adjusted to pH 9.5 with NaHCO 3 at 56
• C for 24 h. After desalting, the uronic acid concentration in the sample was assessed by a carbazol assay [15] . The 3 H-sulphated heparosan produced had a specific activity of 6.1×10 6 c.p.m./mg of uronic acid. The enzymatic assay, performed essentially as described by Crawford et al. [16] , is based on the release of 3 H 2 O from [C5-3 H]GlcA units present in the polysaccharide [17] . Briefly, the reactions were set up by combining 200 µg of cell proteins with 40 nmol of labelled substrate in 200 µl of 25 mM Hepes buffer (pH 7.0) containing 0.1 % Triton X-100. Samples depleted of enzymatic activity for the determination of the background radioactivity were prepared by preheating the cell extract at 100
• C for 10 min. After 2 h of incubation at 37
• C, the reactions were stopped by the addition of 50 µl of 125 mM sodium acetate (pH 4.0) and 125 mM LiCl. After centrifugation, the supernatant was loaded on to a 1 ml DEAE-FF prepacked column connected to an FPLC injector and pump and equilibrated with 50 mM sodium acetate (pH 4.0) and 50 mM NaCl. The radioactivity recovered in the initial 3 ml of the flow-through volume and corresponding to freed 3 H 2 O was measured in a Wallac 1219 Rackbeta liquid-scintillation counter.
RESULTS
Cloning of the human GLCE gene promoter
Preliminary information on the GLCE promoter was obtained by a BLAST search of the human genome database utilizing the published sequence of the murine Glce gene 5 -UTR as a query. This procedure gave results that putatively identified the 5 -UTR of the human gene. To confirm that this region was part of the transcribed gene product, RT-PCR was used to specifically amplify and clone a 2082 bp cDNA fragment encompassing the 5 -end and the stop codon of the putative gene transcript. DNA sequencing of the cloned product confirmed its identity (GenBank ® accession no. AY635582). In order to identify conclusively the translational start sites of the gene, 5 -primer extension experiments were performed. A primer annealing to the 5 -UTR of the gene was utilized to reverse-transcribe RNA obtained from HSF, HeLa and HCT116 cells. The results ( Figure 1A ) enabled us to locate the major transcriptional start site of the gene 229 bp upstream of the translational start site. The sequence of the putative human GLCE gene promoter was retrieved from the human genome database by BLAST search utilizing the sequence of the gene 5 -UTR as query. The identified genomic region was amplified, cloned in pGEM-T vector and sequenced.
Functional characterization of the human GLCE promoter
In silico analysis of the promoter organization was carried out by querying the TESS database (www.cbil.upenn.edu/tess/index). The same analysis was carried out on the sequence of the mouse Glce gene promoter retrieved from the mouse genome database BLAST searched with the 5 -UTR sequence of the gene [16] . The alignment of the human and murine gene promoters allowed the identification of cis-acting binding elements that are conserved in the two species on the basis of their sequences and their relative distance from the transcriptional start site ( Figure 1B key role in the pathogenesis of colon carcinomas and the signalling pathways have been well characterized in this cellular context, the function of the identified sites was investigated in a set of colon carcinoma cell lines. HCT116, DLD-1, SW48 and SW480 cells have been previously characterized with respect to the activation of the β-catenin-TCF4 pathway [12, [19] [20] [21] [22] . Before use in the present study, their status was further confirmed by utilizing TOP-FLASH, a reporter vector in which luciferase expression is driven by tandem repeats of the Lef1-TCF4 canonical consensus sequence [22] (Figure 2A) . In order to examine the correlation between the activity of the GLCE promoter and the status of activation of the β-catenin-TCF4 complex, the cells were transfected with pGL3-C5:+ 23/− 1417. The activity of the GLCE promoter reporter was significantly higher in cells with elevated β-catenin-TCF4 transactivation activity (i.e. SW48 and SW480) than in those with a low activity level (HCT116 and DLD-1; Figure 2A ). In order to examine the effect of elevation of the ectopic expression of the β-catenin-TCF4 complex on the GLCE gene transactivation, HCT116 and SW480 cells were transfected with increasing doses of β-catenin and TCF4 expression vectors. HCT116 cells constitutively express low levels of β-catenin and TCF4 [12] . As expected, in these cells, the ectopic expression of β-catenin has little effect on the transactivation of the GLCE promoter unless the transcriptional activator TCF4 that complexes with β-catenin in the nucleus is also present in excess ( Figure 2B ). On the contrary, in SW480 cells, which constitutively express high levels of the β-catenin-TCF4 complex, the reporter activity was not affected by β-catenin and was in fact suppressed when both β-catenin and TCF4 were overexpressed as observed for other genes that are targets of the β-catenin-TCF4 transactivation complex when the complex is present in excess [12, 23] . In order to assess whether transactivation of the GLCE promoter results in increased GLCE expression as well as enzymatic activity, HCT116 cells were transfected with increasing doses of β-catenin and TCF4 expression vectors. Semiquantitative analysis of the GLCE transcript in HCT116 cells revealed a positive dosedependent effect of β-catenin-TCF4 ( Figure 3A) , consistent with the results of the reporter vector experiments seen previously ( Figure 2B ). In addition, the epimerase enzymatic activity was increased in those HCT116 cells expressing a high level of the β-catenin-TCF4 complex, consistent with the idea that GLCE protein level is affected ( Figure 3B ). GLCE transcript level was constitutively elevated in SW480 cells and the epimerase activity was significantly higher than that measured in untransfected HCT116 cells. These results support the conclusion that, in colon carcinoma cells, the β-catenin-TCF4 transactivation pathway is an important modulator of the GLCE expression and the rate of HS GlcA epimerization.
The GLCE gene promoter β-catenin-TCF4 cis-acting elements are functionally active
In order to confirm the direct dependence of the observed effect on the presence of the β-catenin-TCF4 cis-acting binding elements, two new constructs were tested in HCT116 cells: pGL3-C5:+ 23/− 1191, in which 226 bp of the promoter region harbouring the putative binding sites had been deleted, and pGL3-C5-MUT:+ 23/− 1417, in which the binding sequence had been mutated ( Figure 4A) . Either deletion or single-base mutation of Figure 5 Protein-DNA complex formation between β-catenin/TCF4 and the corresponding binding domain of the GLCE promoter γ -32 P-labelled oligonucleotides of the sequence corresponding to the putative β-catenin-TCF4 binding site of the GLCE promoter were incubated with a nuclear extract from SW480 cells, and the DNA-protein complex formed was analysed on 6 % non-denaturing polyacrylamide gel. After electrophoresis, bands were visualized by autoradiography. For the competition binding, 30-fold excess of unlabelled oligonucleotides were included in the incubation mixture (lane 2). Two shifted bands corresponding respectively to DNA-TCF4 (lower band) and DNA:TCF4/β-catenin (upper band) complexes were detected [29] . For the supershift analysis, 0.5 µg of an irrelevant monoclonal antibody (anti-β-integrin, lane 3) or anti β-catenin antibody (lane 4) were added.
the consensus sequence resulted in a significant loss of responsiveness to the elevation of β-catenin or β-catenin-TCF4 level (Figure 4B ). This result supports the conclusion that the two conserved sites are functionally relevant in modulating GLCE transcription. The ability of the putative binding sequences to bind the β-catenin-TCF4 complex was confirmed through electrophoretic mobility-shift and supershift analyses ( Figure 5 ). When a 21 bp labelled double-stranded oligonucleotide of the sequence corresponding to that of the putative β-catenin-TCF4 cis-acting binding element of the GLCE promoter was incubated with nuclear extract from SW480 cells, the formation of DNA-protein complexes could be evidenced by gel electrophoresis. The size of the complex increases when anti-β-catenin antibody was also added, confirming the presence of the transcriptional factor in the complexes formed by the labelled oligonucleotide. The formation of the DNA-protein complex was inhibited when 30-fold excess of cold oligonucleotide was added and the supershifted complex did not form after the addition of an irrelevant antibody (anti-β-integrin), thus validating the oligonucleotide-DNA binding specificity.
DISCUSSION
In this study, we present evidence that GLCE, encoding a key enzyme in HS biosynthesis, is a target of the β-catenin-TCF4 transactivation complex, the terminal effector of the Wnt/APC/ β-catenin signalling pathway. The fact that ectopic expression in cells of β-catenin alone or together with TCF4 enhances the GLCE promoter transcriptional activity and increases the gene transcript level, resulting in increased enzymatic activity, supports the conclusion that the pathway is functionally significant in modulating the gene expression in vivo, resulting in enhanced conversion of HS GlcA into IdoA. We furthermore demonstrate that the transactivation effect is mediated through two conserved β-catenin-TCF4 cis-acting binding elements located in the enhancer region of the gene promoter.
The gene encoding the HS epimerase is represented only once in the mammalian genome, implying that HS uronic acid epimerization is ultimately dependent on GLCE expression. Limited information is currently available regarding how GLCE activity is regulated. The HS chain modification produced by this enzyme is an irreversible process in vivo [24] and occurs after the nascent polysaccharide chain has undergone GlcNAc N-deacetylation and N-sulphation but before glucosamine residues are 6-Oand 3-O-sulphated [25, 26] . GLCE physically interacts with other enzymes involved in HS biosynthesis, leading to the formation of multimeric enzymatic complexes that may perform sequentially related functions. The association of GLCE with the 2-O-sulphotransferase, in particular, positively affects the epimerase stability and mediates its translocation to the Golgi [27] . The availability of a suitable HS substrate at the site where GLCE is localized can also, in principle, affect the overall rate of HS epimerization. In this context, specific domains of the core protein to which the HS chain is attached may route the nascent proteoglycan to Golgi subcompartments where GLCE is located [28] . The relative impact of these various mechanisms on the overall rate of GlcA epimerization remains to be assessed fully. Conceivably, the GLCE expression level is a major determinant of the enzymatic activity. In the present study, we found that a positive correlation exists between the epimerase activity and the GLCE transcript level. In addition, our results indicate that agents like β-catenin and TCF4, capable of affecting GLCE gene transcription, are important modulators of the rate of HS GlcA epimerization in cells.
β-Catenin acts as a transcriptional cofactor by migrating to the nucleus and associating with members of a family of DNAbinding proteins known as TCFs, of which TCF4 is expressed in the intestinal epithelium [29] . The targets of β-catenin-TCF4 transactivation include development-related genes activated through the Wingless/Wnt signalling pathway [11] . Many genes relevant for colorectal tumour formation and progression have been identified as being transcriptionally activated by the β-catenin-TCF4 complex. Some are relevant for growth control and cell cycling (SMC3, c-myc, cyclin D1, c-Jun, fra-1, gastrin and ITF2), some are implicated in cell survival (Id2 and MDR1) and some are implicated in tumour invasion and metastasis (matrilysin and VEGF) [12, 21, 22, [30] [31] [32] [33] [34] [35] [36] [37] . GLCE is the first gene involved in glycosaminoglycan biosynthesis that has been identified as the target for β-catenin. Two conserved transcriptional binding sites for β-catenin-TCF4 are present in the human and mouse GLCE promoters. They are located in tandem arrangement in the enhancer region of the promoter. This location is not unusual in promoters that are targets of the β-catenin-TCF4 complex and it has been previously observed in the c-myc and VEGF gene promoters [22, 33] .
Wnts are secreted proteins that function in numerous developmental processes in vertebrates and invertebrates [38] . Wnt proteins bind to the Fz (Frizzled) receptors and LRP5/6 co-receptors [39] and, by stabilizing the critical mediator β-catenin, initiate a complex signalling cascade that plays an important role in regulating cell proliferation and differentiation. It has been proposed that proteoglycan-bound HS modulates Wg signalling through two general mechanisms. HS can either protect the Wnt protein from being degraded or reduce the range of Wnt ligand diffusion, thereby affecting the local concentration of the Wnt ligand that is available to bind to the Fz receptors [40] . HS proteoglycans also act as co-receptors that directly facilitate the formation of Wnt/Fz signalling complexes [41] . The different models of activation of Wnt signalling by HS predict that changes in HS composition and/or quantity can significantly affect the morphogen activity in vivo. In this context, our finding that the expression of a key enzyme in HS biosynthesis is a target of the β-catenin-dependent transactivation pathway raises the possibility that HS biosynthesis and β-catenin-mediated signalling are interdependent. In particular, the deregulation of the Wnt/APC/β-catenin transactivation pathway, by enhancing HS proteinbinding efficiency, may engage a Wnt-dependent autocrine loop that can also intensify the signalling of other mitogenic and angiogenic heparin-binding factors, such as FGF (fibroblast growth factor), PDGF (platelet-derived growth factor) and VEGF (vascular endothelial growth factor) [1] . This functional loop may be particularly relevant in the initiation and progression of colon tumours where loss of heterozygosity of the APC or the β-catenin gene leads to constitutive activation of the β-catenin-TCF4 transactivation pathway. Currently, there is no documentation of any mutation or amplification of genes encoding Wnt ligands or receptors linked to human cancer. On the other hand, changes in HS composition have been identified in transformed colon cells during the transition from colon adenoma to carcinoma [42] or during cell differentiation [43] . In particular, the HS IdoA-2-O-sulphate content is affected, suggesting that either the activity of GLCE or that of the 2-O-sulphotransferase or both is specifically affected during cell transformation. Recently, evidence has been presented that syndecan-1, a major cell HS proteoglycan, is required to create a β-catenin-TCF responsive cell population during mammary development [44] .
In conclusion, we provide evidence supporting the idea that GlcA epimerization, a step in HS biosynthesis affecting the polysaccharide activity and specificity, is a target of the β-catenin-TCF4 transactivation pathway. A large proportion of human epithelial tumours, including almost all colon tumours, are known to be initiated by dysregulation of the β-catenin metabolism. Since differentiation and transformation of colonic epithelial cells involve changes in composition of HS, we postulate that transcriptional regulation of GLCE is of significance in mediating the oncogenic potential of β-catenin, leading to the expansion of a clonal population of adenomatous cells.
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